A new peptide trypsin inhibitor named BWI-2c was obtained from buckwheat (Fagopyrum esculentum) seeds by sequential affinity, ion exchange and reversed-phase chromatography. The peptide was sequenced and found to contain 41 amino acid residues, with four cysteine residues involved in two intramolecular disulfide bonds. Recombinant BWI-2c identical to the natural peptide was produced in Escherichia coli in a form of a cleavable fusion with thioredoxin. The 3D (three-dimensional) structure of the peptide in solution was determined by NMR spectroscopy, revealing two antiparallel α-helices stapled by disulfide bonds. Together with VhTI, a trypsin inhibitor from veronica (Veronica hederifolia), BWI-2c represents a new family of protease inhibitors with an unusual α-helical hairpin fold. The linker sequence between the helices represents the so-called trypsin inhibitory loop responsible for direct binding to the active site of the enzyme that cleaves BWI-2c at the functionally important residue Arg 19 . The inhibition constant was determined for BWI-2c against trypsin (1.7×10 − 10 M), and the peptide was tested on other enzymes, including those from various insect digestive systems, revealing high selectivity to trypsin-like proteases. Structural similarity shared by BWI2c, VhTI and several other plant defence peptides leads to the acknowledgement of a new widespread family of plant peptides termed α-hairpinins.
INTRODUCTION
Plants have to resist unfavourable environmental factors in situ, and they have developed sophisticated mechanisms of defence against both biotic and abiotic stress. One of the efficient defence systems operating in plants and also in other multicellular organisms to resist pathogens is the so-called innate immunity [1] . Substances of polypeptide nature play an important role in this defence system. Proteins that are accumulated in plants in response to pathogen recognition are collectively referred to as PR (pathogenesis-related) proteins [2] . Structurally and functionally different proteins and peptides have been classified as PR proteins, including enzymes (such as chitinases, glucanases, proteases and peroxidases), thaumatin-like proteins, plant defence peptides (such as thionins and defensins) and protease inhibitors. The latter group is of special interest, since it is involved in plant protection against both pathogens and insect pests [2] [3] [4] [5] .
It is well known that phytopathogenic bacteria and fungi produce active extracellular proteases that along with other polypeptide factors play an important role in pathogenesis [6] [7] [8] . Proteolytic enzymes are also essential compounds of the animal digestive system. Polypeptide inhibitors of proteases may protect plants from exogenous enzymes. For instance, as early as 1976, it was shown that trypsin and chymotrypsin inhibitors from seeds of soya bean and potato tubers inactivate proteases of the phytopathogenic fungus Fusarium solani [9] . In addition to protecting against external proteolytic enzymes, protease inhibitors are involved in the regulation of intracellular enzymes [10, 11] . It is very likely that their high content in seeds is due to their participation in the conservation of storage proteins until germination.
Polypeptide inhibitors of serine proteases are a diverse group of peptides, which consists of several thousand representatives separated in several dozen families on the basis of sequence similarity [12] . Their 3D (three-dimensional) structures are typically rich in β-strands. Examples are numerous; the best known are probably the classical Bowman-Birk and Kunitz families [13] . It is generally accepted that polypeptide inhibitors of serine proteases are separated into three groups on the basis of the mechanism of their interaction with enzymes: canonical inhibitors, non-canonical inhibitors and serpins. Canonical inhibitors are the most abundant; the basic structural element necessary for their activity is a short loop region of ∼ 10 residues [14] . All canonical inhibitors, regardless of other structural features, including overall molecular fold, carry such a loop. Comparison of these loop regions in various inhibitors shows a high similarity of their 3D organization in complex Abbreviations used: 3D, three-dimensional; BPTI, bovine pancreatic trypsin inhibitor; HSQC, heteronuclear single-quantum coherence; IPTG, isopropyl β-D-thiogalactopyranoside; LB, Luria-Bertani; MALDI, matrix-assisted laser-desorption ionization; MBP-1, maize basic protein 1; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy; PR, pathogenesis-related; r.m.s.d., root mean square deviation; TFA, trifluoroacetic acid, TOF, time-of-flight; Trx, thioredoxin; VhTI, Veronica hederifolia trypsin inhibitor.
The protein sequence reported in this paper has been submitted to the UniProt Knowledgebase (http://www.uniprot.org/) under accession number P86794.
The co-ordinates, experimental restraints, and chemical shifts for the ensemble of 20 BWI-2c structures have been deposited in the Protein Data Bank (http://www.rcsb.org/) under accession number 2LQX and in the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/) under accession number 18334. 1 To whom correspondence should be addressed (email avas@ibch.ru).
with the enzymes, despite the fact that their primary structure is highly variable. At the same time, a great variety of structural formations is revealed in which the inhibitory function may be realized. Thus we observe how selection of different structural solutions to the same functional task occurs. The present study is devoted to the examination of a novel trypsin inhibitor from buckwheat (Fagopyrum esculentum) seeds, named BWI-2c as a representative of a new family of inhibitors of serine proteases and a group of four-cysteine-residue-containing plant defence peptides with a rare α-helical fold.
EXPERIMENTAL BWI-2c purification
BWI-2c was purified from buckwheat seeds (F. esculentum cultivar Shatilovskaya-5) following a previously developed procedure [15, 16] supplemented by an additional HPLC step. In brief, polypeptides were extracted from ground seeds using PBS and precipitated by ammonium sulfate. Trypsinbinding components were isolated by affinity chromatography on a trypsin-Sepharose 4B column and then subjected to three steps of separation. Mono-Q and Mono-S (Pharmacia) ion exchangers were used to isolate the fraction of cationic inhibitors [15] . The final step of purification was reversedphase HPLC on a ReproSil-Pur C 18 column (250 mm×4 mm, Dr Maisch, Ammerbuch-Entringen, Germany) in a linear gradient of acetonitrile concentration (8-48 %) in 0.1% TFA (trifluoroacetic acid) for 60 min at a flow rate of 0.7 ml/min.
MS
Molecular mass measurements were carried out using the method of MALDI (matrix-assisted laser-desorption ionization) on an Ultraflex TOF (time-of-flight)-TOF (Bruker Daltonik) as described previously [17] . For data processing, the Bruker DataAnalysis for TOF software was used.
Protein chemistry
BWI-2c was reduced by dithiothreitol and alkylated by 4-vinylpyridine following the methodology described previously [18] . Reduced-alkylated BWI-2c was hydrolysed at methionine residues using CNBr as described previously [18] . Peptide fragments were separated by reversed-phase HPLC on a ReproSilPur C 18 column in a linear gradient of acetonitrile concentration (0-32 %) in 0.1% TFA for 60 min. The purified fragments were analysed by MALDI MS and then sequenced by automated stepwise Edman degradation using a Procise Model 492 protein sequencer (Applied Biosystems) according to the manufacturer's protocol.
Recombinant peptide production
Recombinant BWI-2c was produced in Escherichia coli using a previously described procedure for recombinant peptide production [17] . The DNA sequence encoding BWI-2c was constructed from synthetic oligonucleotides (Table 1) by PCR. The target PCR product was amplified using a forward primer containing a KpnI restriction site and encoding an enteropeptidase cleavage site, and a reverse primer containing a BamHI restriction site and a stop codon. The PCR product was cloned into the expression vector pET-32b (Novagen). E. coli BL21(DE3) cells transformed with the resulting vector pET-32b-BWI-2c were [19] (1 unit per 1 mg of fusion protein, 16 h at 37
• C). Recombinant BWI-2c was purified by reversed-phase HPLC on a Jupiter C 4 column (250 mm×10 mm; Phenomenex) in a linear gradient of acetonitrile concentration (0-60 % in 60 min) in 0.1 % TFA. The purity of the target peptide and its identity to the native inhibitor was checked by MS, N-terminal sequencing and by comparison of chromatographic retention times of recombinant and natural BWI-2c by co-injecting samples on to a Luna C 18 analytical column (150 mm×2 mm; Phenomenex) and running a shallow acetonitrile gradient.
For NMR studies, 15 N-labelled peptide was produced. To this end, E. coli BL21(DE3) cells transformed with pET-32b-BWI2c were first cultured at 37
• C in LB medium. Having reached the mid-log phase, cells were pelleted by gentle centrifugation and resuspended (to D 600 ≈0.2) in the minimal growth medium M9, containing 1 mM MgSO 4 , 0.1 mM CaCl 2 , 0.2% glucose, 0.1 % 15 NH 4 Cl, 0.6 % NaH 2 PO 4 , 0.3% K 2 HPO 4 , 0.05% NaCl and 337.5 mg of thiamine/l. The resulting culture was grown at 37
• C to D 600 ≈0.6, induced with 0.2 mM IPTG, and incubated at room temperature overnight.
Enzymatic assays
Gut enzyme extracts from the larvae of beetles Blattella germanica, Tenebrio molitor, Tribolium castaneum and butterfly Galleria mellonella were prepared as described previously [20] . Proteolytic activity of the extracts was measured spectrophotometrically as reported previously [20] ; the following specific chromogenic substrates were used: BApNA (N α -benzoyl-DL-arginine p-nitroanilide) for trypsin-like proteinases, Nsuccinyl-Ala-Ala-Pro-Phe p-nitroanilide for chymotrypsin, N-succinyl-Ala-Ala-Pro-Leu p-nitroanilide for elastase, GlpAALpNA (pyroglutamyl-Ala-Ala-Leu p-nitroanilide) for subtilisin, and GlpFApNA (pyroglutamyl-Phe-Ala p-nitroanilide) for cysteine proteinases.
The enzymatic activity of bovine trypsin and chymotrypsin, elastase from human leukocytes and subtilisin Carslberg (SigmaAldrich) was measured spectrophotometrically. Trypsin was dissolved in 50 mM Tris/HCl, pH 8.0, to a final concentration of 10 mg/ml. Chymotrypsin, elastase and subtilisin were dissolved in 10 mM Tris/HCl, pH 8.0, to a final concentration of 1 μg/ml (chymotrypsin), 10 μg/ml (elastase) and 50 μg/ml (subtilisin). Enzymes were incubated for 10 min at 37
• C in the presence of various concentrations of BWI-2c. After incubation, the remaining enzymatic activity was determined using the corresponding chromogenic substrates (final concentration of the substrates was 0.5 mg/ml). Kinetics of p-nitroaniline release was measured at 405 nm. The inhibition constant for BWI-2c against trypsin was calculated following a conventional method [21] .
NMR
Two samples were prepared for BWI-2c structure determination: 15 N-labelled peptide in H 2 O/ 2 H 2 O (19:1) and unlabelled BWI2c in 100 % 2 H 2 O. In both cases pH was adjusted to 6.8. All NMR experiments were performed on an Avance 700 MHz spectrometer (Bruker Biospin), equipped with a cryoprobe, at 36
• C. Unless otherwise stated, a relaxation delay of 1.4 s was used. The Watergate technique was applied to suppress strong solvent resonance in some spectra measured in H 2 O solution. Bipolar gradient pulses and flip-back selective pulses were used to keep the water signal along the z-axis and to prevent radiation dumping [22] .
1 H chemical shifts were measured relative to the protons of H 2 O, the chemical shift of their signal being arbitrarily chosen as 4.69 at 36
• C. Chemical shifts of other nuclei were calculated from the respective gyromagnetic ratios. Proton and 15 N resonance assignments for BWI-2c were obtained by a standard procedure [22, 23] using 15 N-HSQC (heteronuclear single-quantum coherence), 3D 15 N-NOESY (nuclear Overhauser enhancement spectroscopy)-HSQC, 3D
15 N-DIPSI (decoupling in the presence of scalar interactions)-2-rc (relaxation-compensated)-HSQC, DQF-COSY (double-quantum-filtered correlation spectroscopy), 13 C-HSQC, CLEAN-MLEV and NOESY spectra in the CARA software [24] . The 3 J HNH coupling constants were determined from the intensity ratios of cross and diagonal peaks in the 3D HNHA spectrum [22] . The 3 J HαHβ coupling constants were measured using the COSY spectrum of BWI-2c in 2 H 2 O solution (relaxation delay of 3 s) in the ACME program [25] .
3 J NHβ constants were calculated from the intensities of cross and diagonal peaks in the 3D HNHB experiment [22] .
3D structure calculation was performed using the simulated annealing/molecular dynamics protocol as implemented in the CYANA software package version 2.1 [26] . Upper interproton distance constraints were derived from NOESY (τ m = 80 ms) cross-peaks via a 1/r 6 calibration. Torsion angle restraints and stereospecific assignments were obtained from J-coupling constants and NOE (nuclear Overhauser effect) intensities. Hydrogen bonds were introduced on the basis of temperature gradient and water-exchange rates of H N protons (protons with gradients less than 4.5 ppb/K were supposed to participate in hydrogen bonding). The values of heteronuclear 15 N steadystate NOE, 15 N longitudinal (T 1 ) and transverse (T 2 ) relaxation times were obtained for the 15 N-labelled sample as described previously [27] . Model-free analysis of the relaxation parameters was performed using the TENSOR software to calculate the order parameters (S 2 ) and contributions of μs-s motions to the transverse relaxation (R ex ) [28] . The generalized order parameters were obtained by multiplying order parameters for two types of movements, if the corresponding model was selected to fit the data for the residue.
Visual analysis of the calculated structures and Figure drawings were performed using the PyMOL [29] software. The disulfide conformation was ascribed according to [30] . The χ 1 angles were classified as usual, and the χ 2 and χ 3 angles were loosely classified as p and n for positive and negative values, respectively. Elements of secondary structure were analysed using the STRIDE package [31] .
RESULTS

BWI-2c isolation from buckwheat seeds
Our previous work revealed a wide variety of protease inhibitors in buckwheat (F. esculentum) seeds [15, 16, [32] [33] [34] . In the present study we report the isolation of a new cationic inhibitor termed BWI-2c. To isolate this inhibitor, we used our usual approach, combining affinity and ion-exchange chromatography. The affinity step provided crude polypeptides interacting with trypsin. Cationic polypeptides were subsequently separated by ion-exchange. The fraction that did not bind to the Mono-Q anion exchanger at pH 6.8 but got retarded by the Mono-S cation exchanger at the same pH was further separated by reversed-phase HPLC ( Figure 1A ). The major peak contained BWI-2c with an average molecular mass of 5182.0 Da, which was recovered at ∼ 98 % purity by rechromatography under the same conditions.
Peptide sequencing
When purified BWI-2c was reduced by dithiothreitol and alkylated by 4-vinylpyridine, its average mass increased to 5606.5 Da, indicating the presence of four cysteine residues. Alkylation of unreduced native BWI-2c did not result in a molecular mass change, therefore all cysteine residues are involved in the formation of intramolecular disulfide bonds. The complete amino acid sequence of BWI-2c was determined by a combination of automated Edman degradation and selective proteolysis. Direct Edman sequencing of the reduced-alkylated peptide provided 20 N-terminal residues (cysteine residues were unambiguously identified in the form of pyridylethylated derivatives). Reducedalkylated BWI-2c was then cleaved at methionine residues by CNBr, and its fragments were separated using reversedphase HPLC ( Figure 1B) . The three resulting fragments were completely sequenced and the full amino acid sequence of BWI-2c was thus determined as SEKPQQELEECQNVCRMKR-WSTEMVHRCEKKCEEKFERQQR. The peptide was found to consist of 41 residues, four of which are cysteine residues. The molecular mass of the peptide measured by MALDI MS and its calculated value agree, indicating the absence of further modifications except disulfide bonds.
Recombinant BWI-2c production
To obtain BWI-2c in sufficient amounts, it was produced in a prokaryotic expression system in the form of a fusion protein with Trx. The latter is known to increase the yield of correctly folded polypeptides [35] . A synthetic gene coding for BWI2c was prepared from oligonucleotides and cloned into the pET-32b expression vector, and the resulting plasmid pET32b-BWI-2c was used to transform E. coli BL21(DE3) cells. Trx-BWI-2c fusion protein production and purification was followed by SDS/PAGE ( Figure 1C, inset) . The chimaeric protein was treated with enteropeptidase, and the recombinant BWI2c was purified by reversed-phase HPLC ( Figure 1C ). The recombinant peptide was identical to the native peptide according to Edman sequencing, analytical HPLC and MALDI MS. To produce [
15 N]BWI-2c, the same general approach was followed, but, instead of conventional LB medium, the minimal M9 medium was used. The molecular mass of the labelled peptide determined by MALDI MS was 5251.8 Da, indicating that all nitrogen atoms in the peptide were replaced by 15 N. The final yields of purified recombinant BWI-2c and [
15 N]BWI-2c were ∼ 14 mg/l and ∼ 4.5 mg/l respectively.
BWI-2c activity tests
At micromolar concentrations BWI-2c was found to completely block bovine trypsin at a molar ratio of 1:1. The inhibition constant (K i ) was determined following a protocol described previously [21] and was found to be equal to 1.74×10 − 10 M. To locate the functionally important residue P1, we incubated BWI-2c with trypsin, and separated the reaction mixture by reversed-phase HPLC. Two major peaks eluted corresponding to the intact and hydrolysed inhibitor. The latter was identified by the 18 Da increase in its molecular mass. This peptide was subjected to Edman degradation, and two N-terminal sequences were obtained, one corresponding to the N-terminal sequence of BWI-2c, the other matching an internal segment starting at Trp 20 . It was thus concluded that hydrolysis of the peptide occurs between residues Arg 19 and Trp 20 , which therefore correspond to P1 and P1 according to the Schechter and Berger nomenclature [36] .
In addition, BWI-2c effectively suppressed the activity of the trypsin-like protease from G. mellonella butterfly larvae. It was found that a 10-fold lesser amount of the inhibitor was required to achieve 50 % inhibition the G. mellonella enzyme than that for bovine trypsin. At the same time, BWI-2c did not suppress the activity of cysteine proteases from the larvae of the beetles B. germanica, T. castaneum and T. molitor. It should be noted that trypsin-like proteases dominate in the digestive tract of butterflies, whereas cysteine proteases comprise the major portion of proteolytic enzymes in the digestive tract of beetles.
BWI-2c was further tested against the serine proteases chymotrypsin, elastase and subtilisin. No activity was revealed, pointing to the high selectivity of the inhibitor.
3D structure of BWI-2c in solution
The 3D structure of BWI-2c was investigated by means of NMR spectroscopy. A summary of NMR data obtained for BWI-2c is shown in Figure 2(A) . Analysis of these data indicates that the peptide represents a pair of α-helices connected with a loop. A set of 20 BWI-2c structures was calculated in CYANA from 100 random start points using the following experimental data: upper and lower NOE-based distance restraints, J-couplingbased torsion angle restraints and hydrogen bond restraints. The statistics for the set of BWI-2c structures obtained is shown in Table 2 . Structures from the set are characterized by low CYANA target function values and residual restraint violations and quite a low r.m.s.d. (root mean square deviation) value for backbone atoms, thus indicating that the structure of BWI-2c is defined accurately and precisely by experimental data in the region corresponding to residues 6-36.
A ribbon representation of the BWI-2c 3D structure is shown in Figure 3(A) conformation) . Alternative disulfide connections were tested in the process of structure calculation, but did not allow a formation of reasonable structure with low target function. Additionally, a salt bridge and a hydrogen bond is formed by the side chains of Arg 16 and Glu 29 , which is confirmed by NOE contacts and the fact that the H Nε atom of Arg 16 does not exchange with water, whereas signals from H Nε atoms of all other arginine residues are broadened dramatically due to exchange with solvent protons.
For a detailed characterization of BWI-2c, 1 H-15 N heteronuclear NOE, longitudinal (T 1 ) and transverse (T 2 ) relaxation times for the 15 N nuclei were measured (Figures 2B-2D ). Taking into account a possible anisotropy of rotational diffusion, we used these data to estimate the backbone mobility of BWI-2c by the model-free approach. Although the molecule as a whole is tumbling with a rotational correlation time of 2.6 ns, its N-and C-terminal regions and residues 20 and 21 from the interhelical loop demonstrate elevated mobility, according to magnitudes of the generalized order parameters S 2 ( Figure 2F ). Movements in the μs-s timescale were detected for the neighbouring residues 16, 25 and 26, as indicated by the R ex values ( Figure 2E) . Additionally, signals from the backbone of Arg 19 are broadened, suggesting motions or chemical exchange in the μs-s timescale.
DISCUSSION
BWI-2c is a new potent and specific trypsin inhibitor
Significant similarity is found between BWI-2c and another trypsin inhibitor from F. esculentum, BWI-2b (and its shorter version BWI-2a) reported by Park et al. [37] (∼ 63 % identity; Figure 4A ). Moreover, disulfide pairing in BWI-2b was determined by tryptic hydrolysis and found to be equivalent to that in BWI-2c. The only polypeptide sequence found in public databases (BWI-2a/b are not registered in UniProt) that shares detectable similarity with BWI-2c is that of a vicilin-like protein allergen, also from buckwheat [38] (∼ 37 % identity with an internal fragment of the allergen). We may therefore conclude that BWI-2c is a member of a new family of peptides. BWI-2c was found to potently inhibit bovine trypsin (K i = 1.74×10 − 10 M). The peptide had no activity on other serine proteases (chymotrypsin, elastase and subtilisin) and cysteine proteases from beetle gut. At the same time, it was potent against trypsin-like proteases from the butterfly gut, pointing to its role in plant defence. We therefore conclude that BWI-2c is specific towards trypsin-like proteases, including insect digestive enzymes. This conclusion is also supported by the observation that the P1 position of the inhibitor is occupied by an arginine residue.
BWI-2c belongs to a new family of serine protease inhibitors
We performed extensive analysis of all currently known trypsin inhibitors using the MEROPS database (http://merops.sanger. ac.uk/inhibitors/) [39] , and noticed a surprising likeness between BWI-2c and VhTI, a trypsin inhibitor from the seeds of veronica (Veronica hederifolia) [40] assigned to family I73 of peptidase inhibitors in MEROPS. Although the two peptides share only a little sequence similarity (∼ 30 % identical residues; Figure 4A ), their 3D structures are nonetheless strikingly alike ( Figure 4B ). First, both peptides are characterized by the same cysteine motif C 1 X 3 C 2 X n C 3 X 3 C 4 , where X is any residue, and the corresponding disulfide bridges are identical in both peptides: C 1 -C 4 and C 2 -C 3 . Secondly, the 3D structure of VhTI in complex with trypsin was determined by X-ray crystallography, showing a disulfide-stabilized helical hairpin much like in BWI2c. Thirdly, the position of the functionally critical P1 residue (arginine in both peptides) is very similar. Indeed, the C 2 -C 3 loop conformation in VhTI is very similar to corresponding loops across different trypsin inhibitors, reflecting its pivotal role in the establishment of contacts with the enzyme. It is referred to as the 'canonical inhibitor loop' and conservation of its conformation is widely acknowledged [14] . It is also believed that this loop is quite flexible in isolated inhibitors, but assumes the canonical conformation in complexes with the enzyme. Indeed, the C 2 -C 3 loop is quite mobile in our NMR structure of BWI-2c, but is strictly fixed in the crystal structure of the VhTI complex with trypsin, assuming the canonical conformation identical to that in other inhibitors, such as the classical BPTI (bovine pancreatic trypsin inhibitor; Figure 4C ). Interestingly, the high mobility of the inhibitory loop in BWI-2c in solution suggests that its conformational space includes the canonical conformation. However, further studies are needed to eventually discriminate between the different models of enzyme-inhibitor interactions.
Figure 4 BWI-2c comparison with other α-hairpinins
(A) Amino acid sequence alignment of the following peptides: trypsin inhibitors BWI-2c (Uniprot code P86794; the present study) and BWI-2b (no Uniprot entry [37] ) from F. esculentum; antimicrobial peptides MiAMP2d and MiAMP2c from M. integrifolia (Uniprot codes Q9SPL3 and Q9SPL5 [46] ); ribosome-inactivating peptide luffin P1 from L. aegyptiaca (Uniprot code P56568 [50] ); antimicrobial peptide C2 processed from the PV100 protein in C. maxima (Uniprot code Q9ZWI3 [48] ); trypsin inhibitor VhTI from V. hederifolia (Uniprot code P85981 [40] ); antimicrobial peptides EcAMP1 from E. crus-galli (Uniprot code P86698 [44] ) and MBP-1 from Z. mays (Uniprot code P28794 [47] ). Each peptide length is indicated in the right column. Disulfide bridges are shown with lines. Disulfide pairing has been determined for BWI-2c, BWI-2b, luffin P1, EcAMP1 and VhTI. (B) 3D structures of α-hairpinins: BWI-2c (PDB code 2LQX; the present study), VhTI (PDB code 2PLX [40] ), EcAMP1 (PDB code 2L2R [44] ), luffin P1 (PDB code 2L37 [45] ). Disulfide bridges are shown as yellow sticks and the corresponding cysteine residue numbers are specified. (C) 3D alignment of the BWI-2c inhibitory loop (residues 18-22; purple) with VhTI (PDB code 2PLX; blue) and BPTI (PDB code 3OTJ; teal) (both in complex with trypsin, the enzyme is not shown). A total of 20 conformations of BWI-2c from the NMR set of structures are presented.
Taking into consideration all of the above, we propose that BWI-2c together with VhTI forms the family I73 of protease inhibitors, which is now a 'true' family with more than one member. At this point, we cannot decide between the two possibilities: either BWI-2c and VhTI are related peptides whose sequences have diverged significantly, or they represent an example of structural convergence. Further insight into their gene structure may shed some light on the question.
BWI-2c belongs to a new family of plant defence peptides
According to current classification, plant defence peptides are divided into several groups on the assumption of their sequences, 3D structures and functional features. The most known and widespread (claiming an almost ubiquitous status) of them are defensins, thionins, lipid transfer proteins, and hevein-and knottin-like peptides [41, 42] , an interesting subtype of the latter being the cyclic peptides named cyclotides [43] . We see that BWI2c does not fit into any of these groups.
Close inspection of BWI-2c sequence and 3D structure reveals the following major features. First, the peptide contains two CXXXC motifs (Figure 2) . Secondly, the four cysteine residues are engaged in two disulfide bridges with the connectivity C 1 -C 4 and C 2 -C 3 . Thirdly, the 3D structure of BWI-2c is represented by a helical hairpin with two antiparallel α-helices joined by a loop and stapled by S-S-bonds (Figure 3) . Finally, the two CXXXC motifs are located in different α-helices so that the cysteine residues are brought into close proximity and disulfides are conveniently formed.
We note that the very same features are found in other plant peptides. Among those, apart from the trypsin inhibitor VhTI from V. hederifolia [40] discussed above, are the antifungal peptide EcAMP1 from the barnyard grass Echinochloa crus-galli [44] and the ribosome-inactivating peptide luffin P1 from Luffa aegyptiaca [45] . Both peptides share little amino acid sequence identity with BWI-2c (∼ 22 % and ∼ 32 % respectively), but nevertheless contain all of the characteristic features outlined above (Figure 4) .
The primary structure signature C 1 X 3 C 2 X n C 3 X 3 C 4 is also found in a number of other peptides purified from plants belonging to different families (Figure 4) . Examples are the antimicrobial peptides MiAMP from Macadamia integrifolia [46] and MBP-1 (maize basic protein 1) from Zea mays [47] , the trypsin inhibitors BWI-2a/b from F. esculentum [37] and the C2 peptide from Cucurbita maxima [48] . 3D structures of these peptides have not been resolved yet. However, the disulfide placement was determined in BWI-2b and found to be equivalent to that in BWI2c [37] (see above), and CD spectroscopy yielded a high content of α-helical conformation for MBP-1 [47] . We may therefore conclude that all of the listed peptides assume a similar fold, i.e. they represent disulfide-stabilized helical hairpins.
The general function universally discussed for all peptides shown in Figure 4 is defence, either from pathogens (in the case of antimicrobial peptides) or insects (enzyme inhibitors). In effect, we believe that all of these molecules constitute a new widespread family of plant defence peptides. We tentatively propose the name 'α-hairpinins' to emphasize their distinct structural traits.
It is interesting to mention that many α-hairpinins are known to be produced as parts of larger precursor proteins, which may contain one (in Zea) or several (two in Cucurbita, four in Macadamia) such peptides [46, 48] . These precursors are simultaneously processed into storage proteins of the 7S globulin (vicilin) type. An interesting issue is, therefore, the evolution of α-hairpinin genes. It seems plausible that some ancestor storage protein was enlarged by acquisition of an α-hairpinin domain, which was further multiplied in certain plants. Different α-hairpinins gained different functional activities as a result of divergence. Arguably, antimicrobial peptides evolved from protease inhibitors, since the latter target a wider spectrum of insect pests and pathogens, whereas the former specifically act on micro-organisms. Another possibility is that several peptides independently evolved to share a common fold. The latter assumption is indirectly backed by the very low level of sequence similarity between some α-hairpinins, almost entirely reduced to the CXXXC motifs. Moreover, the very same types of fold and cysteine motif were found in several peptide toxins, for instance, isolated from scorpion venom [49] . Indeed, the two possible ways of α-hairpinin evolution that may be conceived at present are: functional divergence from one common ancestor or structural convergence between unrelated peptides.
Conclusions
To conclude, we highlight the following major findings: (i) BWI-2c is a new potent and specific canonical trypsin inhibitor from buckwheat (F. esculentum) seeds; (ii) together with VhTI from veronica (V. hederifolia) seeds, BWI-2c forms a new family of protease inhibitors with a cysteine-stabilized helical hairpin fold; (iii) structural similarities of a number of defence peptides from different plant families leads to the identification of α-hairpinins, a new widespread family of plant peptides. The helical hairpin scaffold seems to have proven effective in terms of evolution of peptides with diverse functions.
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